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Summary
‘‘Silver spoon’’ effects of early environments on adult char-
acteristics [1, 2] and life-history trajectories are thought to
be widespread among vertebrates [3–6] and are important
because they imply that environments can have cascading
transgenerational effects [7, 8]. Here we test for such effects
by using a sample of 5425 great tits (Parus major) for which
both natal and breeding environments were known in detail.
Female life histories were strongly coupled with breeding
conditions, but we found little evidence for any persistent
effects of the natal environment. In contrast, life span and
breeding success in males were influenced by the quality
of the environment in which they were raised. Potential
explanations for persistent environmental effects in males,
but not females, include differential sex allocation benefit-
ing males from high-quality environments and phenotypic
plasticity allowing females to optimize reproductive deci-
sions to current conditions, hence masking any residual
natal effects. Thus, in contrast to findings of much recent
work, persistent effects of the early environment are not
all-pervasive and may differ between the sexes within
a single species, potentially leading to sex-differential selec-
tion. Further work should attempt to understand the condi-
tions under which these transgenerational environmental
effects are likely to occur.
Results
Persistent effects of early life conditions on subsequent fitness
in wild populations have been of considerable recent interest,
because such effects can be an important source of selection
on life histories, as well as amplifying evolutionary dynamics
[5, 9]. However, we have little understanding of how pervasive
such effects are, or the circumstances in which they are likely
to be found. We addressed the occurrence and importance of
effects of the natal environment, versus the current environ-
ment, in a large sample of great tits (Parus major) for which
life-history data have been collected over almost 50 years.
We employed four complementary approaches: (1) variance
partitioning based on natal and breeding sites, (2) testing
specific environmental effects, (3) testing transgenerational
effects of parental habitat preference, and (4) assessing the
importance of cohort effects.
Partitioning of Environmental Variance
The exact natal and breeding sites of 5425 individuals (2703
females, 2722 males) born between 1959 and 2004 were
known to an accuracy of 63 m [10]. We first partitioned the*Correspondence: teddy.wilkin@zoo.ox.ac.uk (T.A.W.), ben.sheldon@zoo.
ox.ac.uk (B.C.S.)total phenotypic variance in three life-history traits specific
to females [11] (first-egg date [laying date], clutch size, and
mean fledgling mass) and three traits common to both sexes
(number of offspring recruited from the first breeding year,
total number of recruited offspring per adult [LRS], and
longevity) to five different sources: year of observation, year
of birth, current (breeding) nest box, natal nest box, and indi-
vidual identity. Total phenotypic variance attributable to each
source is given in Table S1 available online; Figure S3 illus-
trates the estimates as percentages of the overall variance
for each trait. For female traits, the effect of the current
breeding environment and year were substantially larger than
that of the natal environment and natal year, and although the
breeding nest box always accounted for a highly significant
proportion of the variance, this was rarely the case for the natal
nest box. Effects of year of birth probably represent the oper-
ation of large-scale environmental effects operating at an
annual scale, such as occurrence of beech masting (which
increases juvenile survival) or variation in population density
from year to year. Natal and breeding year both explained
small but significant proportions of variation in female lon-
gevity and LRS. Similar effects were seen in males, for which
breeding environment and year were generally more important
than natal environment and year, with the exception of male
LRS. Hence, when no specific environmental information is
considered, current environments explain more variation in
great tit life histories than do natal environments, particularly
in the case of females.
Specific Environmental Effects
We then asked to what extent female life-history variation
during their first year of reproduction could be accounted for
by specific environmental features of natal and breeding envi-
ronments. Consistent with previous work [10, 12], we found
several effects of breeding environment (Table S3): for
example, a 50 m decrease in breeding altitude resulted in
breeding 1.5 days earlier (Figure 1A), and breeding in the cen-
ter of the woodland, as opposed to at the edge, advanced
breeding by 2 days (Figure 1B) and increased clutch size by
0.5 eggs (Figure 1C). Environmental effects of this magnitude
are likely to have substantial effects on female fitness, either
directly, as a result of strong natural selection on these traits
[13], or by forcing females to compensate for poor environ-
ments. In contrast, we found little effect of natal environment
on life-history variation (Table 1) except for a weak positive
effect of natal territory size on clutch size (Figure 1D). Results
from these analyses suggest that long-term effects of natal
environment on subsequent female life histories are relatively
weak.
We then asked how the performance of males and females
(recruitment of offspring from first year of breeding, LRS, and
longevity) was related to specific estimates of breeding and
natal environments (Table S4). In females, LRS was associated
with a range of current environmental measures, but effects of
natal site were weaker. The opposite pattern was observed in
males, for which recruitment and LRS were more often related
to natal environment (Table 1). Consequently, we found signif-
icant sex-environment interactions with respect to altitude of
Figure 1. Female Great Tit Life-History Variation as a
Function of Specific Features of Natal and Breeding
Environments
Three linear mixed models (LMMs), each containing
breeding (black circles and solid lines) and natal (white
circles and dashed lines) environments, were used to explain
variation in laying date (A and B), clutch size (C and D), and
fledgling mass (E and F). Mean residuals are shown, formed
from reruns of each model following the removal of the envi-
ronmental measure. Models are saturated and control for
previous life-history stages and differences between years
and individuals (see Experimental Procedures). See Table S3
for full model parameters.
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1999the natal site (Figures 2A and 2B) and size of the natal territory
(Figure 2C) on adult fitness traits. In this case, because natal
territory quality decreases with altitude (as a result of delayed
birth date relative to the rest of the population) and increases
with natal territory size, the effects of natal environmental
quality on male performance are positive. In summary,
whereas female life histories and fitness are more influenced
by specific features of their current environment, males are
more influenced by these features of their natal environment.
Parental Habitat Preference
Because the explanatory power of specific environmental vari-
ables might depend on the choice of the right variables, we
derived an alternative, parent-driven measure of environ-
mental quality, based on the frequency with which a site was
occupied over the study. Occupation rates varied from 0 to
32 years (median = 10; interquartile range [IQR] = 7–14) over
the 41 years considered here, and this distribution differed
significantly from Poisson expectation (c2 = 1.3 3 104, p <
0.0001), with more preferred and nonpreferred sites than
expected. Occupancy rates were predicted by all five specific
environmental characters in the expected direction (all p <0.0001). Holding natal site preference constant,
breeding site preference predicted many female
first-year life-history traits, including earlier
breeding (b = 20.73 6 0.118; c2 = 39.00, p <
0.001) and increased production of recruits (b =
0.071 6 0.028; c2 = 6.21, p = 0.013). Hence, the
environmental preference of females made sense
in terms of their effects on reproductive success.
However, females that were born in these
preferred and higher-quality environments en-
joyed no detectable advantage in terms of effects
on life-history traits, for example lay date (b = 0.041
6 0.122) and production of recruits (b = 0.026 6
0.029). In contrast, males born in preferred sites
achieved slightly higher LRS (b = 0.044 6 0.022;
c2 = 3.85, p = 0.050) and lived longer (b = 0.007 6
0.003; c2 = 4.02, p = 0.045). In general terms, these
results suggest that long-term effects of the
quality of the natal site are absent in females but
weakly present in males.
Cohort Effects
We used mean fledging success in the year of
birth to characterize individuals as having been
reared in good or poor years and asked whether
annual variation in quality of the rearing environ-
ment predicted subsequent life histories andbreeding success. Natal year quality was weakly related to
female clutch size (b = 0.0116 0.005; c2 = 4.46, p = 0.041), sug-
gesting that females born in good years laid slightly larger
clutches than those born in poor years. However, this weak
effect was masked by the much stronger negative effect of
breeding density (polygon size: b = 0.33 6 0.059): females
born in good years actually laid smaller clutches in absolute
terms. Annual variation in rearing environments had no effect
on any other female traits, but males born in poor years that
survived to breed lived longer (b = 20.50 6 0.116; c2 = 18.57,
p < 0.001) and achieved higher reproductive success (b =
20.171 6 0.044; c2 = 14.92, p < 0.001; Figure S4) than those
born in good years. Overall female performance was unaf-
fected by the quality of the year in which they were raised,
but males recruiting from poor years performed better than
those recruiting from good years.
Discussion
That the current environment affects life-history traits and
fitness is well established and is clearly demonstrated by
the current work. For example, simultaneous partitioning of
Table 1. Relative Effects of Specific Breeding and Natal Environmental
Factors on Great Tit Life-History Variation
Sum Altitude Edge Oaks Habitat Territory
Dependent
Variable B N B N B N B N B N B N
Females
Laying date 4 1 * * * * *
Clutch size 4 1 * * * * *
Fledgling mass 3 1 * * * * *
Recruitment 1 0 *
Life span 1 0 *
LRS 3 0 * * *
Total 16 3
Males
Recruitment 1 4 * * * * *
Life span 2 2 * * * *
LRS 1 3 * * * *
Total 4 9
Each row summarizes the results of a single saturated model containing all
five breeding (B) and five natal (N) environmental variables. Significant
effects at the p < 0.05 level are indicated by asterisks (*). Each row in the
Sum column lists the number of environmental variables that were signifi-
cantly related to each dependent variable, plus the total number of breeding
and natal environmental effects. LRS represents total number of recruited
offspring per adult.
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2000variance in female life-history traits demonstrated location of
breeding effects on all traits, and specific environmental
features also explained variation in the same traits. However,
we found little evidence of similar effects of natal environments
on the life histories of recruited females. There was some
evidence that females recruited from good years or from large
territories laid larger clutches than those raised in poorer
conditions. This has been suggested previously [14, 15], but
in absolute terms, females born in good years laid smaller
clutches as a density-dependent response to the larger popu-
lation size following a good year. A possible explanation for the
general lack of long-term effects of natal environments is that
phenotypic plasticity enables females to optimize life-history
decisions to match current environmental conditions, masking
any residual effects of developmental environment. In greatFigure 2. Sex-Differential Effects of Specific Features of Natal Environments o
Three generalized LMMs explaining variation in recruitment per brood (A), total
trating significant sex 3 natal environment interactions. Shown are mean resid
dashed lines), formed from reruns of each sex-specific model following the re
previous life-history stages and differences between years and individuals (se
(positively) by the quality of their natal environment. See Table S4 for full modtits, phenotypic plasticity has been demonstrated for several
female-limited traits [16–18], and the individual optimization
of clutch size has often been reported [19–21]. Although there
is increased interest in characterizing plasticity in wild popula-
tions, we have rather little understanding at present of the
limits to this plasticity and the extent to which phenotypes
are flexible enough to overcome prior environmental effects
[5]; our data suggest that flexibility may well be sufficient to
overcome environmental effects.
The general trend for an absence of consistent or strong
long-term effects of natal environments on females is sur-
prising in the light of numerous studies reporting persistent
effects of natal environment on life histories [1, 6, 8, 22–27].
In the present case, because the sample size was large and
effects of the current environment were readily detectable,
we are confident that natal environment effects are relatively
unimportant for females in this population. To date, studies
that have linked life histories with natal conditions have mostly
been conducted on long-lived iteroparous bird and mammal
species [23, 25, 26, 28]. Great tit fledglings have on average
only w12% probability of local recruitment, and recruits
usually breed only once (median = 1; IQR = 1–3). The absence
of persistent effects of rearing environments might thus also
be explained by these high levels of mortality, if this has led
to stronger selection for characters that promote responses
to the environment that lead to elevated recruitment, as
opposed to responses mediating longer-term effect on fitness.
In the case of males, life span and LRS increased with envi-
ronmental quality among natal sites and decreased with envi-
ronmental quality between years. It is plausible that the former
effect is due to some long-lasting competitive advantage real-
ized by individuals that were raised in good territories
compared to neighboring conspecifics. For example, males
born in good territories might have brighter plumage as adults,
which may enable them to achieve higher reproductive suc-
cess irrespective of their breeding environment. That males re-
cruited from lower-quality years were better performers than
those from high-quality years is harder to explain. However,
this may be the result of stronger selection in poorer years
favoring the most competitive individuals, or because lower
density in the year in which they recruit to the breeding popu-
lation enables first-year males to establish territories in better-
quality breeding habitats.n Great Tit Life Histories
number of recruited offspring per adult (LRS) (B), and longevity (C) and illus-
uals for males (black circles and solid lines) and females (white circles and
moval of the environmental measure. Models are saturated and control for
e Experimental Procedures). Adult males, but not females, are still affected
el parameters.
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2001It is unlikely that dispersal biases or spatial autocorrelation
contribute to the effects described here. Although female great
tits disperse further within patches [29], between-patch
dispersal is not sex biased, and there is no evidence that indi-
vidual quality is correlated with dispersal [30]. Although it is
true that natal and breeding environments will be more similar
for individuals that disperse short distances, the correlations
between environments are relatively weak (Table S2), and we
considered the effects of natal and breeding environments
simultaneously for large numbers of individuals.
Our findings have a number of implications. First, in females,
long-lasting environmental effects on fitness, and thus a major
potential class of maternal effects, are weak in this population.
Whether this is true for all traits, for example rates of aging [31],
remains to be seen. Nevertheless, our results show that there
is little imprint of natal environment in females, and hence that
single-generation measures of fitness will be appropriate for
understanding evolutionary dynamics as far as females are
concerned. In contrast, long-term natal environmental effects
were detected in males. These findings add to the emerging
picture that selection may act differently on the two sexes [4,
32, 33], with the result that there are different trait optima for
the two sexes [34, 35]. Sexually antagonistic selection has
the potential to be a powerful mechanism for the maintenance
of variation for characters under natural selection; our data
suggest that environment can play an important role. Lastly,
differential effects of environment on fitness in the two sexes
can lead to selection on parents to adjust their sex ratio, or
other forms of investment in the two sexes of offspring [36,
37]. Most of the environmental variables in this study are
temporally stable, and we may therefore expect them to be
relatively reliable cues for sex allocation decisions; it is in
such cases that we might most reasonably expect to find
sex ratio adjustment in vertebrates [38]. Overall, our results
emphasize the need to try to explain variation in the impor-
tance of early environment effects, both within and between
taxa.
Experimental Procedures
Breeding Data
Data used in the present study were collected as part of the long-term great
tit study at Wytham Woods near Oxford between 1959 and 2005, as
described elsewhere [39–41]. Each spring, over a thousand nest boxes
were visited at least weekly to ascertain the first-egg date (laying date)
and clutch size. All nestlings were ringed with uniquely numbered aluminum
rings and weighed at 2 weeks of age, by which stage mass is asymptotic [42,
43]; mass at this age is referred to here as fledging mass. Parents were trap-
ped at nest boxes while feeding their nestlings and in the majority of cases
were identifiable by rings fitted when they themselves were Wytham
nestlings. Thus, we were able to link large numbers of breeding adults
with their exact places of birth. The number of young from each brood
that later recruited to the breeding population was used as a measure of
the success (recruitment) of that brood; an individual’s total number of re-
cruited offspring (LRS) was the sum of this figure for all broods in a lifetime.
An individual’s longevity was estimated as the difference between the year
of birth and the final year that individual was detected breeding.
Environmental Data
A geographic information system (GIS) was used to describe five environ-
mental measures known to be important to breeding great tits, for each
breeding and natal site (see also Supplemental Data). First, each nest box
(n = 1020) was digitally mapped in the field to an accuracy of 63 m [10].
The altitude of each nest box was estimated from a digital terrain model
and is used here as a surrogate for local phenology [44]. We used an edge
distance index to describe increased habitat quality with distance from
the woodland edge [10]. Our habitat types refer to four successional stages
ranging from recent 20th-century plantations to areas of ancient seminaturalwoodland [45]. Because the preferred prey for tits (caterpillars) are found at
highest densities in oak foliage [46], we used the number of oak trees within
75 m of each nest box as a surrogate for local food availability [44]. Breeding
density was estimated at the individual level from the areas (hectares; ha) of
Thiessen polygons formed around nest boxes occupied by great tits in
a given year (Figure S1).
Statistical Models
Variance Partitioning
We used linear mixed models (LMMs) with normal errors in GenStat version
12 [47] to partition the variance of female lay date, clutch size, and mean
fledgling mass among five random effects: either breeding year or natal
year, breeding location, natal location, and female identity. (Because natal
year and breeding year were highly correlated, they were never included
in the same model.) We then used LMMs with Poisson errors to partition
variation in recruitment per brood, LRS, and longevity for both sexes among
the same random effects. Analyses of female life histories and recruitment
per brood (both sexes) used data from multiple breeding attempts per indi-
vidual (median = 1; IQR 1–2), whereas in analyses of LRS and longevity, data
were restricted to the first breeding attempt for each female (n = 2703) and
male (n = 2722). In the latter case, residual variation was thus synonymous
with variation between individuals.
Specific Environmental Measures
LMMs with normal and Poisson errors were used to explain variation in three
female life-history traits and three performance traits (both sexes), respec-
tively. Models were built with each of the five environmental variables
measured at both the natal site and the site of first breeding attempt (Tables
S3 and S4). To enable comparisons of effects, we did not simplify the
models; models contained all ten environmental factors as fixed effects,
plus three random effects: year, breeding box, and natal box.
Parental Habitat Preference
Nest-box occupation rates were (unsurprisingly) higher where local box
density was lower (nest-box scarcity: t(996) = 13.80, p < 0.001); hence, we
used residuals from a regression of occupancy on nest-box density as
a measure of great tit environmental preference. The life-history variation
of females and the performance of both sexes were then related simulta-
neously to the preference of their breeding and natal nest boxes in LMMs.
Cohorts
We used LMMs and the mean fledging success (percentage of eggs that
produced fledglings) in an individual’s year of birth as a predictor of female
life histories and performance characters for both sexes. LMMs contained
year of birth, year of breeding, and natal nest boxes as random effects
and breeding territory size as a fixed effect to control for confounding dif-
ferences in breeding density associated with the quality of the natal
(preceding) year.
Supplemental Data
Supplemental Data include Supplemental Experimental Procedures, four
tables, and four figures and can be found with this article online at http://
www.cell.com/current-biology/supplemental/S0960-9822(09)01846-6.
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